Introduction
The role of single amino acid repeats (SAARs) in human hereditary diseases has become of increasing interest. The best known example is Huntington's disease where a sequence of more than 35-40 glutamines in the protein huntingtin, encoded by a CAG repeat in the corresponding gene, leads to the death of neurones [1, 2] . Several other neurodegenerative diseases are similarly caused by CAG repeats coding for polyglutamine stretches in the respective genes [3, 4] . Expansion of trinucleotide repeats coding for polyalanine have also been shown to be responsible for dis-eases [3,5,6]. Remarkably, repeats of aspartic acid as short as five residues have been implicated in disease [7] , indicating a functional role. These findings have led to a growing interest in SAARs in general. Which amino acids form unexpected repeats and what is the functional significance of these structural features?
Already in studies of individual species, leucine repeats were observed to be of conspicuously high frequency [8] [9] [10] . Remarkably, in a recent systematic survey (COPASAAR) [11] , leucine repeats were the There has been an increasing interest in single amino acid repeats ever since it was shown that these are the cause of a variety of diseases. Although a systematic study of single amino acid repeats is challenging, they have subsequently been implicated in a number of functional roles. In general surveys, leucine runs were among the most frequent. In the present study, we present a detailed investigation of repeats in signal peptides of secreted and type I membrane proteins in comparison with their mature parts. We focus on eukaryotic species because single amino acid repeats are generally rather rare in archaea and bacteria. Our analysis of over 100 species shows that repeats of leucine (but not of other hydrophobic amino acids) are overrepresented in signal peptides. This trend is most pronounced in higher eukaryotes, particularly in mammals. In the human proteome, although less than one-fifth of all proteins have a signal peptide, approximately twothirds of all leucine repeats are located in these transient regions. Signal peptides are cleaved early from the growing polypeptide chain and then degraded rapidly. This may explain why leucine repeats, which can be toxic, are tolerated at such high frequencies. The substantial fraction of proteins affected by the strong enrichment of repeats in these transient segments highlights the bias that they can introduce for systematic analyses of protein sequences. In contrast to a general lack of conservation of single amino acid repeats, leucine repeats were found to be more conserved than the remaining signal peptide regions, indicating that they may have an as yet unknown functional role. most frequent type of SAARs in a wide range of species covering all three kingdoms.
Signal peptides, which are located at the amino terminus of the polypeptide chain of secreted and many membrane proteins, have a middle part that is rich in amino acids with hydrophobic side chains (Fig. S1 ). This part is essential for the interaction with the signal recognition particle and, subsequently, the translocase complex embedded in the membrane of the endoplasmic reticulum. Upon transit through this membrane, the signal peptide is cleaved from the nascent polypeptide chain by signal peptidases and is then in most cases rapidly degraded by other proteases [12] [13] [14] .
We were interested in determining the extent to which the conspicuously high frequency of leucine repeats could be explained by repeats of hydrophobic amino acids in signal peptides. In the present study, we show that leucine repeats are indeed over-represented in the transient signal peptides of animal species, where they occur in a substantial fraction of all proteins, thus constituting a source of bias in any systematic sequence analysis of the proteome. We further show that, surprisingly, these repeats are more strongly conserved than the surrounding sequence regions, indicating that they may have an as yet unknown function.
Results

Signal peptides and SAARs
Excluding methionine as the initiating amino acid, as well as serine, which is usually found near the cleavage site, the most frequent amino acids in signal peptides are leucine, alanine, valine, phenylalanine and isoleucine ( Fig. S1 ). Our analysis thus focused on these five residues.
In a comparison of the three kingdoms, bacteria and archaea typically had much fewer SAARs than eukaryotes. Although approximately half the eukaryotes had more than ten SAARs of the investigated amino acids per 100 proteins, this could be observed for only 1.0% and 1.9% of Bacteria and Archaea, respectively (Table S1 ). We therefore focused on eukaryotic organisms, comparing SAAR frequencies in secreted and type I membrane proteins with and without their respective signal peptides. In view of the under-annotation of signal peptides in the TrEMBL part of UniProt (see annotation of signal peptides in Supporting Information), signal peptides were systematically predicted de novo using signalp, version 3.0 [15] [16] [17] for an unbiased genome-wide survey.
Repeat location: selective enrichment in signal peptides
We have analyzed the genomes of 102 eukaryotic organisms (Table S2) for repeats of single amino acids with a length of five residues or more (see Materials and methods). Approximately 12% of all proteins had a signal peptide. We found that these proteins, however, contained half of all leucine repeats (49.9%). In comparison, they contained only 10% of all alanine repeats, 16% of valine repeats and 17% each of isoleucine and phenylalanine repeats.
Surprisingly, in these proteins, 82% of leucine repeats were located in the signal peptide, which amounts to (1 ⁄ 2) · 82% = 41% of all leucine repeats. This observation was even more pronounced for some higher organisms, such as human where approximately two-thirds of all leucine repeats were located in signal peptides (Table S2 ). Much smaller ratios were generally observed for the other four amino acids ( Fig. 1) .
In view of the high proportion of leucine repeats located in signal peptides, the question arises as to whether this would be expected because of differences in the amino acid composition of these peptides and the mature proteins. The ratio of observed to expected frequencies of repeats in signal peptides for selected model organisms and taxonomical subgroups of eukaryotes (see Materials and methods) is shown in Fig. 2 . All enrichment scores of 2 or higher significantly indicated strong enrichment (P < 5%). In general, a strong enrichment was only detected for leucine repeats. In signal peptides of plants, however, an excess of repeats of phenylalanine and valine also was The percentage of single amino acid repeats in proteins with signal peptides that were found to be located in the signal peptide is shown. For SAARs of A, F, I, L and V, the bars each plot the median percentage for the examined 102 Eukaryota, and the whiskers indicate the average absolute deviation (Table S6 ). For a comparison of observed and expected frequencies, see found. No general trend for any type of repeat enrichment was observed in Saccharomyces cerevisiae, and this was also true for fungi in general.
In a detailed examination of individual species (Fig. S2 ), many species showed a robust enrichment of leucine repeats in signal peptides. This affected 68% of the metazoa and 50% of plants. Remarkably, a clear enrichment of leucine repeats in signal peptides was found in all the tetrapods.
Conservation of leucine repeats
In view of these findings, the question arises as to whether L-repeats in signal peptides have a function in tetrapods, in which case a conservation of the repeats would be expected. The human proteins with an L-repeat in their signal peptide available from Swiss-Prot (http://www.expasy.org/sprot/) yielded a well annotated nonredundant test set of 225 sequences. We then examined the 1183 orthologues that could be identified in the five tetrapods (i.e. chimpanzee, mouse, cow, chicken and frog) and, for comparison, in five other species: zebrafish, Ciona intestinalis, Drosophila melanogaster, Caenorhabditis elegans and baker's yeast.
Presence of leucine repeats
For each of the considered species, we determined the percentage of orthologues containing an L-repeat in their signal peptides ( Fig. 3 , black bars). In mammals, the L-repeats were well conserved, with most orthologues featuring a leucine repeat. The percentage of orthologues with L-repeats, however, was much lower in other vertebrates and in invertebrates. As a control, orthologues of a set of human proteins with signal peptides but no L-repeat were tested ( Fig. 3 , grey bars). In the control set, very few orthologues with an L-repeat in their signal peptides were found. This suggests that many leucine repeats in signal peptides appeared during the evolution of higher eukaryotes and may have a functional role.
Stronger conservation of repeat sequences
To test this hypothesis further, we next studied the conservation of individual L-repeats in signal peptides, with a particular interest in a comparson of the conservation of the repeat with that of the remaining signal peptide sequence. Accordingly, the quality of signal peptide sequence alignments with and without the L-repeats in question was assessed (see Materials and methods). Figure 4A plots the average L-repeat conservation scores for the examined organisms. In contrast to the lower, uniform scores of nontetrapods (40 ± 3%), the scores for tetrapods are clearly distinct and increase from frog (46%) to chimpanzee (94%). This provides a sequence alignment-based confirmation of the phylogenetic pattern observed in the L-repeat frequencies shown in Fig. 3 . The average relative conservation score for each of the examined organisms is shown in Fig. 4B . Here, zero indicates that all regions of the signal peptide were conserved similarly well, whereas an L-repeat that is better conserved than the remaining signal peptide yields a positive score. For the organisms closest to human, some signal peptides were identical. These, however, cannot provide information about the conservation of an L-repeat relative to the remaining signal sequence. Identical signal peptides were found for 82, two and four orthologues in chimpanzee, mouse and cow, respectively. Consequently, we plot an average score where these perfectly conserved signal peptides have been excluded. In conclusion, a relative conservation of L-repeats was clearly observed for all tetrapods. Conversely, the relative conservation scores for nontetrapods were considerably lower.
Test for functional associations
We tested for associations of proteins with leucine repeats in signal peptides to particular Gene Ontology categories. Leucine repeats in signal peptides were respectively observed in 55 (48%), 11 (48%) and 44 (27%) of all level 3 annotation groups for the categories of Biological Process (114 groups), Cellular Component (23 groups) and Molecular Function (164 For each species, the percentage of orthologues identified that contained an L-repeat in their signal peptides is shown. As a reference, the grey bars give the results for orthologues of human proteins with a signal peptide having no L-repeat. The black bars display the results for the test set of human proteins with a signal peptide having an L-repeat, showing a phylogenetic pattern. Many leucine repeats were found within signal peptides in organisms from the Tetrapodae group. Moreover, for the mammalian organisms, at least half of the studied leucine repeats within signal peptides were well conserved. Conversely, leucine repeats were not conserved in the other examined eukaryotes, where conservation was observed only for a minority of the 333 studied human proteins, with four in zebrafish, two in Caenorhabditis elegans, three in Drosophila melanogaster, and none in Saccharomyces cerevisiae and Ciona intestinalis; in each case comprising no more than 3% of orthologues identified in these organisms.
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groups). In comparison, proteins with signal peptides without an L-repeat were present in 71 of 114 groups (62%), 14 of 23 groups (61%) and 79 of 164 groups (48%) of the respective categories. Signal peptides with L-repeats were thus found in a large variety of proteins, similar to signal peptides without an L-repeat.
Only a small number of Gene Ontology groups showed a significant over-representation of signal peptides with L-repeats, with no group accounting for more than 4% of the data set (Table S3 ). For example, there were eight nucleases with an L-repeat in their signal peptides (six related ribonucleases and two from other families), together making up 2% of the test set, versus four nucleases in the 3181 proteins with a signal peptide having no L-repeat.
Discussion
Although SAARs are surprisingly abundant in protein sequences, relatively little is known about their functions. It has been suggested that many may have no effect and might just be tolerated [9,10, 18, 19] . On the other hand, there is a considerable body of evidence confirming the functional roles of repeats [8, 9, 19, 20] and other compositionally biased or unstructured sequence regions [21] . It is known that repeat expansion beyond specific lengths can be associated with disorders affecting neurological, neuromuscular or developmental processes [3, 4] . Conversely, there are instances where a lack of repeats can cause diseases [7] . Apart from the known implications in specific diseases, repeat length can be an important factor in tran-scriptional regulation [22, 23] and protein interaction networks [24] , affect morphological changes [25] and may facilitate adaptive processes [26, 27] . As a result, a better understanding of SAARs is of considerable interest.
Corroborating earlier studies [8-10], in a recent systematic survey of SAARs [11], a high frequency of leucine repeats was observed throughout the three kingdoms of Archaea, Bacteria and Eukaryota. This is surprising because the cytotoxicity of amino acids repeats is highly correlated with their hydrophobicity and their length [28] [29] [30] . The observed toxicity may result from an aggregation of such repeats [29, 31, 32] .
In previous studies, it was shown that SAARs generally show a positional bias for the termini of polypeptides. Leucine repeats, in particular, favour the amino end of proteins [8, [32] [33] [34] . It is also well known that the amino end of the growing polypeptide chain of secreted and many membrane proteins contains a signal peptide, with a central part rich in hydrophobic amino acids. Consequently, a possible connection with leucine repeats has already been suggested in an earlier study of SAARs [8] . In the present study, we report the results of the first systematic study of SAARs in signal peptides.
Localization of SAARs in signal peptides
In general, archaeal and bacterial species contained few SAARs (Table S1) common in eukaryotes [18, 20, 35] . For these organisms, the first striking observation is that secreted and type I membrane proteins, which constitute only 12% of all proteins, already contained half of the leucine repeats. Most of these repeats were located in the signal peptides themselves (82%). This effect was particularly pronounced for some higher organisms; for example, in the human proteome, this figure was 90%, corresponding to two-thirds of all leucine repeats (Table  S2 ). Signal peptides are cleaved off early in the course of translation and then degraded rapidly [36] . This could explain why leucine repeats, which in general are toxic [28] [29] [30] 32] , are tolerated at such high frequencies.
Further analysis confirmed a selective enrichment of leucine repeats in signal peptides that could not be explained by differences in the amino acid composition of these segments and the mature proteins. Although present only in some isolated fungi, this effect was fairly common in metazoa and plants (Fig. 2) . It was particularly observed in vertebrates, such as in all the tetrapods (Fig. S2) . Surprisingly, no enrichment of alanine repeats was detected, although these are the second most abundant type of repeats in signal peptides (Fig. 1) . Repeats of valine and phenylalanine are generally rare, yet they were found to be enriched in the signal peptides of some plants (Fig. S2 ).
Conservation of leucine repeats
A comparison of signal peptides with leucine repeats in human proteins versus their orthologues in tetrapods and in other species confirmed that signal peptides evolve faster [37, 38] than the mature parts ( Fig. S3 ). Nevertheless, leucine repeats were conserved in tetrapods. This was particularly clear in mammals. More distantly-related species showed a prominent decline in the number of these repeats (Fig. 3) . Conversely, essentially no leucine repeats were seen in orthologues of a control set. A further comparison based on actual signal peptide sequence alignments corroborated these observations ( Figs 4A and S6A,C) . Moreover, for all tetrapods, the conservation of leucine repeats was clearly higher than the conservation of the remaining sequence of the signal peptide, as indicated by an alignment based relative conservation score ( Figs 4B, S6C,D) . In contrast to the instability of SAARs in general [10], the conservation of leucine repeats in signal peptides thus revealed a phylogenetic pattern in all our analyses, suggesting that leucine repeats in signal peptides appeared in the evolution of higher eukaryotes and may have a functional role. This would explain the unexpected high conservation observed for leucine repeats in a comparison of human and mouse proteins, although the repeats were particularly abundant in rapidly evolving genes [19] .
Leucine repeats as potential additional secretion signal
It is understood that the hydrophobic region of the signal sequence is required for interaction with the signal recognition particle and studies have demonstrated that the efficiency of the secretion signal can be improved by mutations that increase its hydrophobicity [39] or through the insertion of hydrophobic amino acids [40] . However, recent work has uncovered a surprising complexity of signal sequences [14] and suggested additional functions such as in the modulation of protein biogenesis [41] . The emergence of conserved leucine repeats in signal peptides of higher eukaryotes reported in the present study may thus point to another purpose, although the exact role of the repeats remains to be investigated. In particular, future research needs to address the question of whether they have any positive or negative effects on the interaction efficiency with the signal recognition particle and transport across the membrane of the endoplasmatic reticulum. From our test of an association with particular Gene Ontology categories, which showed that signal peptides with leucine repeats were present in a large variety of proteins, it appears that the repeats may be involved in a general cellular mechanism. Eventually, this raises the question of why leucine repeats in signal peptides have increased in the course of the evolution of mammals.
Unusual transient regions can distort genome-scale sequence analysis
It has been widely recognized that low-complexity regions can generally affect studies of sequence similarity [42] [43] [44] . These regions are not always filtered, such as in searches with the current default settings of the blast web service at the National Center for Biotechnology Information (http://blast.ncbi.nlm.nih.gov/). Besides the well-known effects of nonspecific matches to biased regions, a decision to filter or not can also considerably affect the assessment of matches within the mature parts. Recent developments, for example, allow more accurate statistics by adjusting for the amino acid composition of proteins [45] . Bias in some sequence regions distorts these statistics. The present survey highlights the scope of this issue by demonstrating that leucine repeats are strongly over-represented in the signal peptides of secreted and type I membrane proteins, particularly for tetrapods. These proteins constitute a substantial fraction of the proteome (19% in tetrapods). Similarly, the leader sequences of many proteins imported into mitochondria and chloroplasts are removed during post-translational transport into these organelles. As highlighted in the present report, for a systematic study of proteins deduced from genomic data, it is important to consider that transient parts, which are not present in the mature species, need to be separated because they may introduce bias into any subsequent sequence analysis.
Materials and methods
Data integration and feature identification
Primary sequence data, taxonomic information and all results of the analysis were managed in a customized Inter-Mine data warehouse (http://www.intermine.org/) [46] . Protein sequences were loaded from UNIPROT [47] , release 13.6 and local warehouse extensions allowed the connection of these sequences to the GeneBank taxonomy from the National Center for Biotechnology Information (http:// www.ncbi.nlm.nih.gov/Taxonomy/; accessed 8 August 2008). Information about orthologues was extracted from the EnsEMBL database [48] using the biomart [49] perl application programming interface. To minimize artefacts, protein fragments were filtered out because they could particularly affect signal peptide prediction. To allow meaningful analyses for individual organisms, we focused on organisms with approximately 1000 proteins remaining, yielding a reference data set of 1 149 543 full-length proteins from 102 Eukaryota, 3 298 615 from 920 Bacteria and 118 539 from 57 Archaea. Following Karlin [50] , we count a SAAR of length n when an uninterrupted repeat of n identical amino acid residues is observed, independent of the adjacent amino acids. For example, in the amino acid sequence ACDFLLLLLL-LLGWS, we count four leucine repeats of length five, three repeats of length six, two repeats of length seven and one repeat of length eight. We focus on repeats of five or more residues. Statistically, under the independent and identical distribution model, repeats shorter than five are already expected by random chance for typical protein lengths [50] . Incidentally, this also constitutes the shortest repeat-length that has been implicated in disease [7] . Leucine repeats were identified with custom perl scripts.
Considering that tools for the prediction of signal peptides in Archaea have only recently been developed [51] , our analysis focused on eukaryotes and bacteria, for which long established algorithms were available. For a conservative prediction of signal peptides, we combined the neural network and Hidden-Markov-Model predictors of signalp, release 3.0 [15, 16] , which were applied using their default settings. We required the two prediction models to agree on the location of the cleavage site. Prediction scores had to meet the default threshold for at least one of the methods, with the worse score having to meet at least half the default threshold. Combining scores from both predictors extends sensitivity at the same time as allowing a discrimination of signal anchors, which is provided by the Hidden-Markov-Model component [17] .
Feature statistics were computed in the 'R' statistical environment (http://www.r-project.org/). Unless mentioned otherwise, average results for all eukaryotic proteins are reported. Figures for individual organisms as well as summary statistics over all species are provided in Table S2 and Figure S2 .
Normalization model for comparative plots
Background model
Longer repeats are much less likely to occur than shorter ones and a survey of amino acid repeats of varying lengths requires a way to adjust for this. It is well known, however, that the traditional assumption of positional independence breaks down in biased protein regions [42] and that the observed frequencies of any amino acid repeat exceed the counts expected from models of independent amino acid residues. To facilitate a comparison of amino acid repeat frequencies in average mature proteins with those in signal peptides, we developed an empirical model for visualization purposes. The model was trained on a set of nonsignal peptide proteins providing a comprehensive unbiased reference sample. Model input parameters comprised protein length, amino acid composition and repeat length. A two-stage approach was found to be efficient. First, a logistic regression is used to model the probability that a protein of given amino acid composition and length has at least one repeat of a particular residue and length. Then, a relevance vector machine [52] predicts the conditionally expected number of repeats. All regression and model testing was performed in the 'R' statistical environment. The standard function for fitting a generalized linear model (glm) was used for logistic regression. The relevance vector machine was trained using the rvm function of the established kernlab library [53] . A comprehensive model characterization and further details are provided elsewhere (P. P. Łabaj, P. Sykacek & D. P. Kreil, unpublished results). Model parameters were obtained from proteins without signal peptides or signal anchors.
Scoring over-representation
This model was then applied to calculate the expected frequencies of amino acid repeats in individual secreted proteins, both for the entire proteins (including signal peptide plus the mature part) and also for the mature parts alone. We can then easily plot observed counts relative to the expected frequencies. The comparative graphs (Fig. 2) show differences of such normalized frequencies: d AA (l) = [ f(entire protein, observed) ⁄ f(entire protein, expected)] ) [ f(mature protein, observed) ⁄ f(mature protein, expected)] for several amino acids, AA, and a range of repeat lengths, l. The difference, d, reflects a relative enrichment of amino acid repeats in signal peptides. We emphasize, however, that the strong enrichment effect shown is observed independently of the chosen normalization transform. The discussed effects are already apparent in the raw data (File S1) but, without normalization, cannot be presented well graphically in a single panel for different repeat lengths.
Assessing significance
To assess the significance of the observed relative enrichment scores, d, we calculated empirical P-values. These were computed for the organisms and taxonomical subgroups examined in Fig. 2 . For each amino acid repeat type and length, we computed 1 000 000 random scores from the full set of proteins without a signal peptide, providing a comprehensive unbiased reference sample, for which it was known that the observed frequencies would be similar to expected ones (i.e. no significant enrichment would be observed). We could thus quantify the likelihood of scores d AA (l) > d 0 by an empirical P-value for each amino acid repeat type and length. As expected, higher scores were less likely by random chance. In particular, all enrichment scores d AA (l) > 2 were significant (P < 0.05) (Table S4 ). We can therefore consider observations of strong enrichment d AA (l) > 2 as indicators of significant enrichment.
Comparison of species
For the summary shown for every species in Fig. S2 , repeats of a particular amino acid were considered to be enriched if the difference between normalized frequencies in the entire and the mature proteins met an arbitrary threshold, d(l) > 2, for at least two of the six examined repeat lengths, l = 5 . . . 10, and the average difference also met that threshold, (1 ⁄ 6) Rd(l) > 2. The reported results were robust under variation of the chosen threshold value.
Study of orthologues
To study the conservation of leucine repeats in signal peptides, a set of human secreted and type I membrane proteins was compiled from Swiss-Prot that had repeats of five or more leucines in their signal peptide. Orthologue and paralogue annotation was obtained from the EnsEMBL database (release 54) and human paralogues were filtered out, leaving a test set of 203 genes corresponding to 225 possible gene products (proteins). Similarly, a reference set of 1273 human proteins without leucine repeats in their signal peptide was selected, which served as a control.
The conservation of leucine repeats was then tested for the five studied tetrapods: chimpanzee (Pan trogodlytes), mouse (Mus musculus), cow (Bos taurus), chicken (Gallus gallus) and the frog Xenopus tropicalis, as well as for five more distantly-related organisms in comparison: zebrafish (Danio rerio), C. intestinalis (a transparent sea squirt), the fruit fly D. melanogaster, the worm C. elegans and baker's yeast (S. cerevisiae).
Repeat presence and sequence conservation
For all species, we compared the number of orthologues containing a leucine repeat in their signal peptide, looking for a phylogenetic pattern in the test set compared to the control. Then, the conservation of individual leucine repeats was assessed by sequence alignment of the signal peptides of each human protein and its orthologues. Considering the faster evolutionary rates observed in signal peptides [37, 38] , alignments were performed at the peptide level to avoid saturation. Manual inspection of multiple sequence alignments, which are the basis of multi-species, tree-based conservation scores [54] , reflected the difficulty encountered when applying standard multiple alignment tools to this type of sequence. These regions evolve relatively fast, and they are of very unusual amino acid composition. Many common assumptions of established algorithms, such as the positional independence of residues, break down in compositionally biased regions [50] . We have therefore developed and validated an ad hoc approach based on pairwise sequence alignments, which were less severely affected by indels. This allowed species specific summaries to be made. emboss needle software (http://www.emboss.org/) implementing the Needleman-Wunsch global alignment algorithm [55] was run with default settings, using the EBLOSUM62 substitution matrix. The conservation of the signal peptide sequence without the L-repeat in question was measured by the human versus orthologue alignment score after removing the L-repeat (masking). Normalization relative to the perfect human-human alignment yields a standardized conservation score in the range from x = 0 (no conservation) to x = 1 (perfect conservation). Similarly, the conservation of L-repeats was assessed by comparing the human versus orthologue alignment scores for the entire signal peptide sequence and the sequence where the L-repeat had been removed (masked). This score difference (unmasked -L-repeat masked) was normalized relative to the perfect human-human alignment (unmasked -L-repeat masked), giving a standardized L-repeat conservation score in the range from y = 0 (no conservation) to y = 1 (perfect conservation). With these measures, we can introduce a relative conservation score, r, to test the conservation of L-repeats relative to the conservation of the hosting signal peptide:
Single amino acid repeats in signal peptides r ¼ log 10 ½ð1 À xÞ=ð1 À yÞ In this context, a perfectly conserved signal peptide (x = 1, y = 1) gives a limit of r = 0. Similarly, r = 0 if the conservation of the L-repeat and the remaining signal peptide deteriorate equally (x = y). If, however, the L-repeat is conserved better (y is closer to 1) than the surrounding signal peptide (x is less close to 1), then r becomes positive. Conversely, a negative score would indicate that the L-repeat were less well conserved than the surrounding signal peptide sequence. Defining the score on a log-scale makes it symmetrical to changes in either x or y. Finally, two variants of the scores x, y and r were considered: one set computed for an EBLOSUM62-based alignment similarity score and one set based on alignment identity%.
A number of analyses were performed in order to demonstrate that our results were not biased by typical signal peptide sequences being similar to one another. In particular, we wanted to refute the conjecture that an observed strong conservation of L-repeats might just be the result of a high likelihood of finding leucines in the hydrophobic cores of signal peptides, or that these hydrophobic cores might inflate conservation measures. Accordingly, we compared the observed y-scores with corresponding scores calculated from alignments of human signal peptides from the test set with random signal peptides from the other ten organisms. The susceptibility of the similarity score to substitutions by similar amino acids also was not responsible for observed conservation signals, as demonstrated by a comparison of the analysis obtained results based on similarity scores with the obtained results based on an alignment identity% score instead. For both scoring variants, scores from signal peptides of orthologues were clearly distinct from alignments of random signal peptides (Wilcoxon signed rank test for paired samples, P > 10 )87 ). Furthermore, for more than 98% the proteins, scores from alignments of true orthologues were higher than the mean ± 2SD scores for arbitrary signal peptides. The results obtained after 100 random draws are shown for each species in Table S5 . Score distributions are compared in Fig. S5 .
By focussing our comparison of proteins on annotated clear orthologues, we introduced a selection bias towards more strongly conserved proteins, with an average similarity score of 0.7 ± 0.1 for the mature part. This does not affect our analysis, however, because signal peptides evolve much faster (Fig. S3 ), resulting in an unbiased and more widely spread similarity score of 0.5 ± 0.2 (Fig. S6 ).
Test for functional associations
Finally, the FatiGO [56] web service (http://babelomics3. bioinfo.cipf.es/, release 3.2) was employed to test for associations of proteins with leucine repeats in their signal peptides to particular Gene Ontology categories. Accord-ingly, all human secreted and type I membrane proteins were considered, comparing those with leucine repeats in their signal peptide against those without any leucine repeats.
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